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The charge-transporting ability of supramolecular polymer net-
works assembled from hexabenzocoronenes (HBCs) in non-
aqueous electrolyte is reported here for the first time. Enhanced
electronic conductivity is observed when the HBC subunits are
chemically oxidized to radical cations, which is rationalized using
density functional theory.

Organic semiconductors with tunable, well-behaved charge
transport have led to exciting advances for a broad range of
(opto)electronic, photovoltaic and sensing technologies."
Recent work further highlights opportunities to integrate these
materials in electrochemical devices.” Along these lines, we
were interested in understanding their charge-transporting
properties in electrolytes, toward flowable electrodes® with
both ion and electron transport ability. Here, the electrolyte
carries the ion current and the embedded organic semi-
conductor can be triggered, by some chemical or electrochemical
means, to transport the electrons (or holes). For comparison,
carbon nanomaterials with metallic or semi-metallic character
confer static electronic conductivity when dispersed in electro-
lyte, but also improves when their loading exceeds a percolation
threshold, indicating 3-D network formation is critical.* Notably,
these nanomaterials are compositionally heterogeneous and
offer limited means of tuning network conductivity and archi-
tecture through molecular engineering.’

We hypothesized that supramolecular polymers of poly-
cyclic aromatic hydrocarbons® (PAHs) would provide an attrac-
tive platform with modular tunability (Fig. 1). Achieving
success in this regard would depend on the ability of these
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Fig. 1 Schematic representation of HBC assembly into supramolecular
networks in liquid electrolyte (A) and subsequent chemical doping by
HBC radical cations, which enhance the electronic charge transporting
ability of the network (B).

materials to assemble into nanowires and networks in electro-
Iyte and, furthermore, be induced to transport charge (e.g:, via
a hopping mechanism”).

Here, we show that a new hexa-peri-hexabenzocoronene
(HBC) assembles in non-aqueous electrolyte, and achieves
mixed ion- and electronic-conductivity when HBC radical
cations are introduced to the assembly (Fig. 1B). Up to 20-fold
gains in shuttling current are demonstrated for HBC/HBC™"
mixed nanowire assemblies compared to assemblies of
undoped HBC. We rationalize this behaviour using density
functional theory (DFT), which supports a highly delocalized
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spin density across the n-conjugated surface of the neutral and
oxidized HBCs.

This work suggests new avenues to tailor the properties of
multicomponent, electrochemically-active fluids using synthetic
chemistry and supramolecular design principles® to influence
the atomic and electronic structure of the components, the
chemical potentials required for doping, and the network’s
dynamic 3-D architecture across multiple length scales.

The molecular design of the PAH subunits is based on a
HBC platform.” Uniquely, N,N-dimethylhexanamides are
placed at the HBC periphery alongside 2,5-difluorinated phenyl
substituents appended to the central hexabenzocoronene. The
former confers solubility in a broad range of electrolytes, while
the latter was installed to encourage favourable interactions'®
with endogenous counterions containing fluorine once the HBC
subunits are oxidized to radical cations.

The chemical synthesis (Scheme 1) of the HBC subunits
was carried out by first treating 5-hexynoic acid (1) with oxalyl
chloride followed by dimethylamine to access N,N-dimethyl-
hex-5-ynamide (2) in 88% yield. This intermediate was sub-
jected to a Sonogashira coupling with 1-bromo-2,5-difluoro-4-
iodobenzene to yield 6-(4-bromo-2,5-difluorophenyl)-N,N-di-
methylhex-5-ynamide (3), which was then hydrogenated using
catalytic amounts of Adam’s catalyst (4 in 8§7% over two steps).
Conversion of aryl bromide 4 to the pinacol boronate ester 5
was carried out with Pd(dppf)Cl,, bis(pinacolato)diboron and
KOAc in dioxane at 150 °C using microwave heating (85%). For
the HBC core, hexaphenylbenzene was first brominated"'
using Br, prior to Suzuki coupling with 5 under phase transfer
conditions using aqueous Na,CO; as the base; to maximize
conversion to 6 (52%), we found a solvent mixture of toluene
and THF was required. Finally, a modified Scholl reaction'
was applied to yield target HBC 7 (25%).

The assembly of 7 into supramolecular polymers and net-
works was interrogated using UV-Vis-NIR spectroscopy and
scanning electron microscopy (SEM) (Fig. 2A-C). Distinctive
changes in the optical extinction coefficient (¢) with concen-
tration (c) were observed for 7, consistent with the formation
of a m-stacked HBC supramolecular polymer in electrolyte."®
Increasing ¢ from 1.1 pM to 25 pM (benzonitrile, 0.10 M
TBAPF,) shows a decrease in ¢ at all wavelengths, as well as a
decrease in fine-structure above 400 nm (Fig. 2A). Similar
changes are observed for a 10 uM solution (benzonitrile, 0.10
M TBAPF,) when decreasing the temperature from 90 °C to
30 °C (Fig. 2B). The HOMO-LUMO gap calculated from the
onset of absorption (1.1 pM HBC 7, benzonitrile, 0.10 M
TBAPF) is 2.74 eV. A UV-vis spectrum obtained from a film
cast from benzonitrile shows an onset of absorption at 2.51 eV
(Fig. S1t). The lower value in the solid state is due to increased
excitonic coupling and is indicative of increased assembly of
HBC 7 in the solid state."* Highly-networked aggregates of 7,
fractal in character, were apparent in the SEM upon drying
from salt-free benzonitrile solutions. Nanowires spanning
>10 pm were pervasive (Fig. 2C).

Assessment of the electronic structure of HBC 7 in the con-
densed phase was provided by soft X-ray spectroscopy.'® X-ray
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Scheme 1 Chemical synthesis of fluorinated HBC 7.

absorption (XAS) and X-ray emission (XES) spectra of HBC 7
were evaluated at the carbon K-edge to inform the energy level
alignment for the unoccupied and occupied frontier molecular
orbitals of the networked HBC, respectively; these orbitals are
most closely associated with electronic charge transport
(Fig. 3C). The HOMO-LUMO gap was calculated to be 1.96 eV,
as determined by the difference between the highest and
lowest energy peak in the first derivative of the XES and XAS
spectra, respectively. This value is not comparable to the
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Fig. 2 (A) Variation in the optical extinction coefficient (¢) with concen-
tration (c). Arrows indicate change with increasing c. (B) Variation in
e with temperature (T). Arrows indicate change with decreasing T (90 °C
to 30 °C). Inset: Isosbestic point at 2 = 416 nm. (C) SEM of supramole-
cular networks of HBC 7. Scale bar = 2 pm.
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Fig. 3 Calculated representations of (A) frontier molecular orbitals of
HBC 7 and (B) spin density of HBC"* 8. (C) XES and XAS spectra of HBC 7
and their corresponding first derivatives, which quantitatively inform the
density of states for the HBC 7 network in the condensed phase.

UV-Vis data because of differing excitonic coupling of core
versus valence electronic excitations.

Additional insight into the nature of the molecular orbitals
involved in charge transport through n-stacks of HBC 7 was
obtained by density functional theory (DFT), where the alkyl
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side-chains were truncated to methyl groups (see ESIt). Both
the HOMO and LUMO are spread across the PAH z-core of the
molecule. Extensive delocalization of the HOMO across the
n-system, as is observed in Fig. 3A, helps to stabilize the
radical cation as well as facilitates hopping through a
network assembled through n-stacking. The calculated spin
density of HBC™" 8 also exhibits delocalization over the entire
aromatic core.

Chemical doping is essential to enhance charge transport
in self-assembled stacks of organic semiconductors; however,
the phenomenon is rarely investigated in solution. Therefore,
the chemical oxidation of HBC 7 in electrolyte was performed
to probe the redox chemistry and transport behaviour of
dynamic assemblies of HBC 7. Tris(4-bromophenylJammoniumyl
hexachloroantimonate, or “Magic Blue” (MB), was a superior
oxidizing agent for generating HBC radical cations, owing to
the presence of Lewis basic dimethylamides in HBC 7 (which
were found to be incompatible with SbCl; and NOBF,)."> Elec-
tron paramagnetic resonance (EPR) spectroscopy was obtained
of an electrolyte solution of HBC 7 after reaction with
0.5 molar equivalents of MB. The EPR spectrum displayed a
resonance with a g value of 2.0054, confirming that a stable
radical (HBC™" 8) forms at room temperature upon reaction
with MB (Fig. S3t). Controlled addition of MB to a solution of
HBC 7 in electrolyte led to the growth of a peak at Anax =
1025 nm in the optical spectra, consistent with generation of a
HBC radical cation (Fig. 4A).'® The intensity of the peak associ-
ated with HBC™" 8 increased until one molar equivalent of MB
was added, after which point excess MB was observed (Amax =
721 nm); this supports a quantitative one-electron oxidation.
We also showed that the oxidation of HBC 7 to HBC™ 8 is
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Fig. 4 (A) UV-vis spectroscopy obtained during the chemical oxidation
of 7 with controlled amounts of MB in electrolyte. (B) Variable tempera-
ture UV-Vis of a 3: 1 mixture of 7 : 8 between 30 and 90 °C. Arrows indi-
cate change with decreasing temperature. Inset: Isosbestic point at 4 =
423 nm. (C) I-V curves of different ratios of 7: 8.
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reversible; after addition of excess Zn powder, HBC 7 is
observed by optical spectroscopy (Fig. S27).

Self-assembly of HBC 7 in a partially oxidized state was
interrogated by variable temperature optical spectroscopy. MB
(0.25 eq.) was added to a solution of HBC 7 (10 uM in electro-
lyte) to form a 3:1 mixture of HBC 7:HBC™" 8. Upon heating
the solution from 30 to 90 °C changes consistent with a dis-
assembly process are observed: sharpening of the spectral fea-
tures and increased ¢ (Fig. 4B). Isosbestic points are observed
at 352.5, 358.0, 363.5, and 423 nm, indicating that only the
one process is occurring (i.e., disassembly). The temperature
induced changes are similar to those observed for neutral HBC
7 alone (Fig. 2B), although the increase in optical density is
more extreme for the mixed HBC 7:HBC™ 8 system and the
isosbestic points are shifted slightly.

By interchanging charge-neutral HBC subunits 7 with
radical cation subunits 8 within the assembly, enhanced elec-
tronic transport should be possible via hopping.'”*” This
hypothesis was tested by measuring the shuttling current for
HBC assemblies in solution with varying ratios of HBC
7:HBC™" 8. To evaluate the shuttling current, we carried out
I-V measurements for electrolyte alone, charge-neutral HBC 7
assemblies, and HBC assemblies doped with controlled
amounts of MB (1.25 mM HBC in benzonitrile with 0.10 M
TBAPFs). At this concentration HBC 7 should be fully
assembled into a supramolecular network; the concentration
series (Fig. 2A) showed extensive assembly at 25 pM so we
expect complete assembly when 50 times higher. These
measurements employed an interdigitated array (IDA) of Au
microelectrodes. All IDA measurements were made with one
set of electrodes connected to the working electrode lead and
the other set connected to the reference and auxiliary leads of
the potentiostat. The voltage bias was cycled over a + 0.2 V
range from the open circuit potential (Fig. 4C). Self-assembled
networks of charge-neutral HBC 7 show a negligible increase
in current over electrolyte. On the other hand, as self-
assembled networks of HBC 7 are oxidatively doped by the
addition of MB a steady increase in shuttling current is
observed up to a maximum current at a 1:1 ratio of HBC
7 :HBC™" 8. Upon complete oxidation to HBC™* 8, the shuttling
current decreases slightly (Fig. S47). This may be due to dis-
assembly of the charge-transporting nanowires upon further
oxidation; electrostatic repulsion between contiguous cation
units and increased steric hindrance due to associated counter
anions likely promote disassembly of the network upon
further oxidation.

These results indicate that HBC 7 is able to transport
charge as part of a supramolecular redox-active network in
solution. Our work resonates with previous work on the
charge-transporting properties of chemically-doped HBC net-
works in the condensed phase’®®” and their application in
solid-state electronic devices." Furthering our understanding
of their transport behavior in solution is important towards
expanding the benefits organic semiconductor materials, such
as tunability and processability, to solution-based -electro-
chemical devices.
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Conclusions

We have demonstrated that chemical doping enhances elec-
tronic charge transport in networks of HBCs assembled in
non-aqueous electrolyte. Our results suggest that these net-
works, and possibly others assembled from different PAHs, are
well-positioned to be integrated in electrochemical devices
where charge-transport bottlenecks limit device performance.
This could include their application as nanostructured redox
mediators, given the exceptionally low reorganization energy
required for charge transfer to (or from) PAHs across electro-
Iyte-current collector interfaces. Likewise, their use as
embedded current collectors may also be feasible, which
would allow their use in redox flow batteries; conferring band-
like transport throughout the network would significantly
enhance their prospects in this regard. Thus, the fundamental
science of responsive and reconfigurable supramolecular poly-
mers and networks with tunable charge transport properties is
rich with opportunity for both materials chemistry and device
physics.
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